Abstract : The effect of exposure to extremely low frequency-electromagnetic field (ELF-EMF : 3 mT, 60 Hz) on differentiation of mouse osteoblast -like MC3T3 -E1 cells was examined together with addition of insulin-like growth factor I (IGF-I). As a marker of the differentiation, the cellular collagen content was determined by the absorbance of Sirius red-stained cells measured at the wavelength of 510-520 nm with an imaging microspectroscopy.
INTRODUCTION
Since Bassett CAL, et al. (1) have first applied electromagnetic pulses to bone fracture more than forty years ago, exposure to electromagnetic fields has been used clinically to enhance healing of bone fracture (2) . The mechanisms of fracture healing have been extensively studied and the influence of magnetic field exposure on various biological functions has been reviewed (3) . However, the basic mechanism of the acceleration of fracture healing has not been sufficiently elucidated.
ORIGINAL
Effect of exposure to an extremely low frequency-electromagnetic field on the cellular collagen with respect to signaling pathways in osteoblast-like cells
We have studied the effects of exposure to magnetic and electromagnetic fields (EMFs) on ion transports of cultured cells (4, 5), and found that exposure to strong static magnetic fields, 1 T or more, does not significantly influence cell functions (4), even when the magnetic fields are either nonhomogeneous with large gradients (6) or applied for seven months (7). In contrast, we have shown that exposure to strong time -varying EMFs inhibits intracellular Ca 2+ release (8, 9) and K + (Rb + ) influx (10) in cultured cells. Exposure to extremely low frequency -electromagnetic field (ELF -EMF) also influences the structure of cell membrane protein (11). These results suggest that the effect of magnetic field seems to be caused by eddy current induced in the culture medium rather than magnetic field itself, because the time -varying magnetic field but not the static magnetic field has the effect on the cells. Similarly, other investigators have suggested that the responses of mouse osteoblast -like MC3T3 -E1 cells to ELF -EMF exposure depend on the induced electric field, based on a finding that cells oriented parallel to the induced electric field showed a decrease in cell length and an increase in roundness (12). Exposure to ELF -EMF has been also reported to induce the differentiation of human skin fibroblasts to fibrocytes in culture (13) .
Mouse osteoblast-like MC3T3-E1 cells are model cells of bone formation in culture and express distinctly the proliferative and differentiating phases (14) . During the initial phase of culture, cells proliferate exponentially in less than 10 days and thereafter they stop to multiply and enter the differentiation phase, characteristic of collagen synthesis, expression of alkaline phosphatase (ALP) activity, and extracellular calcification at the final stage. The differentiation is dependent upon the temporal regulation of multiple signaling pathways and the roles of mitogen -activated protein kinases (MAPKs), such as p38 MAPK, in bone forming cells have been studied (15) .
It is well recognized that insulin -like growth factor I (IGF -I) plays a crucial role in the regulation of growth and bone metabolism, and extracellular signal -regulated kinase 1/2 (ERK1/2, also called p44/p42 MAPK) plays a role in the IGF -I stimulated activation of alkaline phosphatase in MC3T3 -E1 cells (16) . IGF -I also enhances G1/S phase progression of the cell cycle in skeletal muscle satellite cells through the activation of phosphatidylinositol 3 -kinase (PI3K) pathway (17) , and regulates the growth of human intestinal muscle cells (18) , and the proliferation and survival of human osteoblastic cells (19) .
In this study, we examined the effect of ELF -EMF exposure, together with the effect of IGF -I, on the differentiation of mouse osteoblast -like MC 3T3 -E1 cells in culture. We adopted collagen synthesis as a target, because the synthesis starts at relatively early stage of the differentiation and it takes place possibly by participation of some signaling pathways. We intended to clarify whether the signaling pathways involving ERK1/2, PI3K and p38 MAPK were related to the effects on the collagen synthesis, using each inhibitor of the signaling pathways.
We first set up a system consisting of combined coils and a culture incubator to expose the cells under physiological conditions to sinusoidal ELF -EMF with magnetic flux density even. Secondly, we analyzed the effect of ELF -EMF exposure on the intracellular collagen content together with IGF -I addition, using a technique of imaging microspectroscopy in combination with cell staining specific to discriminate collagen from other proteins.
MATERIALS AND METHODS

Cell Culture
We used an established cell line of osteoblastlike MC3T3 -E1 cells derived originally from cranial bone of a newly born mouse (strain C57BL/6) (14) . The cells had been maintained in a culture medium consisting of modified Eagle's minimum essential medium, α -MEM (MP Biomedical, Inc., Eschwege, Germany), supplemented with 10% fetal bovine serum (FBS), ascorbic acid (50 μg/ml) and α -glycerophosphoric acid disodium salt (5 mM), and added with penicillin (100 units/ml) and streptomycin (100 μg/ml). They were inoculated in plastic culture dishes (35 or 60 mm diameter, Corning Glass Works, Corning, USA) and placed in an incubator in a humid atmosphere of 5% CO2 and 95% air to keep medium pH at 7.2 -7.4 at 37! !. The culture medium was changed once 3 -4 days. When the cell population became dense, the cells were dispersed in a medium containing 0.1% trypsin and 0.1% collagenase in the balanced salt solution (BSS : 135 mM NaCl, 5.6 mM KCl, 1.2 mM CaCl2, 10 mM glucose and 20 mM 4 -(2 -hydroxyethyl) -1 -piperazineethane -sulfonic acid (HEPES) adjusted at pH 7.4 with NaOH). For experiments, cells were inoculated in the plastic culture dishes (60 mm di-ameter) at a density of 9!10 4 cells/ml, and were cultured for 11 -21 days. Each culture period was stated in the Results. 
Chemicals
Structure of Coils
Magnetic field was produced by a coil wound around a cylindrical plastic (polyvinyl chloride) container (37cm outer diameter ; 34.5 cm inner diameter ; 33 cm length) placed vertically ( Figs. 1 and 2 ). The coil consisted of primary and secondary coils made of enameled wires (2.12 mm diameter, electric resistance 5.66 Ω/km). The primary coil was made of the wire wound 150 times around the plastic container. Theoretical calculation revealed that the magnetic flux density was about 2.3 mT at the central axis of the primary coil when coil current was 1.94 A at a frequency of 60 Hz. The magnetic flux density tended to increase as the distance from the central axis of the coil increased, approaching the coil wires. It was higher by 0.3 mT at the periphery than at the center of the coil (Fig. 3A : the primary coil).
We introduced the secondary coil to correct the uneven distribution of the magnetic flux density of the primary coil ( Fig. 2A) . The secondary coil was made of the same wire and separated into two pieces, each of which was made of three layers. The wire was wound 33 times every layer. The pieces of the secondary coil were overlaid on the primary coil at the upper and lower ends of the latter. The secondary coil produced the magnetic flux density of about 0.7 mT at the center of the coil. As the coil was of Helmholtz type, the magnetic flux density was the highest at the central axis and gradually decreased as the distance from the axis increased. The distribution of the magnetic flux density made a contrast to that of the primary coil. Such contrastive changes in the magnetic flux density produced by the two coils were offset inside the combined coils, resulting in the even distribution of magnetic flux density of about 3.0 mT, regardless of the distance (Fig. 3A) . We also calculated the magnetic flux density at different heights in the combined coils. There were no significant differences in the magnetic flux density at different heights within at least 4 cm from the middle of the combined coils, where the cells in culture were placed (Fig. 3B) .
Incubator placed in Coils
Plastic incubators (25 cm length, 20 cm width and 10 cm height) were designed to maintain culture conditions physiological (Fig. 2B) . About 12 culture dishes (60 mm diameter) were set in three layers in the incubator. Air in the incubator containing culture dishes was replaced with humid gas consisting of 5% CO2 and 95% air by passing the gas for a minute from a plastic tube connected to one side of the incubator to the similar tube connected to the other side. The incubator became airtight when stopcocks connected to the tubes were closed. It was placed in the middle of the plastic container inside the combined coils for exposure to extremely low frequency -electromagnetic field (ELF -EMF). The incubator was sandwiched by two cylindrical water baths, one of which was set to keep contact with the lid and the other one with the bottom of the incubator. Water in the baths was continuously circulated by a pump equipped with a heater (Coolnics Circulator CTE82A, Yamato Science Co. Ltd., Tokyo), so that temperature inside the incubator was kept constant at 37#0.2! !as measured with a thermometer (Takara D117, Takara Indust. Co., Tokyo). Another incubator, placed outside the ELF -EMF in a similar plastic container covered with a layer of plastic foam (about 2.5 cm thickness), was used for control ( Fig. 1 ).
Induction Currents in Culture Medium
Since the culture medium in a culture dish is electrically regarded as a disc conductor, the changes in the magnetic flux passing vertically through the disc must cause circular induction currents in the medium. ie = π r σ f Be.
[1] Equation [1] indicates that the density of currents induced in the culture medium is proportional to r. We determined σ of α -MEM to be 1.59 S/m at 37.2! !and the value was almost unchanged in the pH range from 5.73 to 8.98. Using equation [1] , the values of σ and f (60 Hz), we calculated that the density of induced current is zero at the center of the culture dish (60 mm diameter) and about 2.7 μA/cm 2 at the periphery.
Exposure of Cells to ELF-EMF and Addition of IGF -I and Inhibitors
Cells were exposed to the ELF -EMF (60 Hz, 3 mT) produced by the combined coils, and/or were treated with IGF -I (200 ng/ml) (16, 20) in the presence or absence of an inhibitor (10 μM) such as LY294002 (18), SB203580 (15, 21) , and PD 98059 (21), respectively, for the last 3 days of every culture period shown in the Results.
Determination of Intracellular Collagen Content
At the end of ELF -EMF exposure, cells were fixed with 4% paraformaldehyde. Fixed cells were stained with 0.1% Sirius red dissolved in a phosphate buffer solution, and when necessary with 0.1% Fast green, for 30 min on a shaker and then washed with distilled water several times (22) . The stained sample was covered with liquid paraffin to avoid drying. Collagen in the cells was stained specifically with Sirius red, and non -collagen proteins with Fast green, respectively. , the primary coil ; , the secondary coil ; , the combined coils. B : Distribution of the magnetic flux density on the various heights (z) of horizontal planes, as a function of the distance (x) from the central axis of the combined coils.
, 4 cm above the middle of the coils (i.e., z = 4 cm) ; , 2 cm above that ; , 0 cm on the middle of the coils ; ! , 2 cm below that ; " , 4 cm below that ; , the range from the central axis, in which culture dishes were placed.
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to 750 nm. The absorption spectra of Sirius red and Fast green were the maxima at around 530 and 620 nm, respectively. To estimate the collagen content from the absorbance of Sirius red, we used the wave length at 510 -520 nm to avoid the contribution of Fast green. Non -collagen proteins was not determined in this study.
We used an imaging microspectroscopy to quantify the cellular contents of collagen. Spectral information of stained cells was recorded with a CCD camera built in a multispectral imaging photometer (ImSpector, Spectral Imaging Ltd., Oulu, Finland). Namely, the observed light coming straightly through a sample dispersed with a transmission grating in a wavelength range of 380!780 nm at a wavelength resolution of 2 nm. The spectral image was captured with the CCD camera and recorded on a video frame. The CCD camera was loaded with an image intensifier (luminescence gain 25,000, sensitivity 20 μlx, wavelength range 380!850 nm, wavelength resolution 2 nm). The stage of an inverted microscope (IX70, Olympus Co. Ltd, Tokyo) was moved to a single direction with a computer -controlled step motor, and the measurement times were 0.1 -2.1 sec/line and 30 sec/frame. For the data analysis and image display, we used a computer software (PSAM -700, Kawatetsu Technoresearch Co. Ltd., Tokyo). ImSpector system had an advantage of obtaining many pieces of information on spectra and positions of multiple points in an image. This was in contrast to traditional microspectrophotometry, which obtains spectral information from only a single point in an image. In addition, it was possible to display spectrum at any point on the image and differential spectrum between two points at the same time. Display of the absorbance at a specific wavelength was also possible.
In this study the single point analysis method was used to examine the localization effect, as shown later in Fig. 5 . We also used the spectral image analysis method, i.e., estimation of the collagen content from the absorbance image at the wavelength 510 -520 nm in the same video frame as in a figure shown later in Fig. 9 .
Statistic Analysis and Cell Sampling
Since cells belonged to the same population, significance of the difference on means of the absorbance between two experimental groups was checked by 't -test'. The difference was regarded as significant at p!0.05.
RESULTS
Equation [1] indicates that the density of eddy currents induced in the culture medium by ELF -EMF is proportional to the distance from the center of culture dish. Therefore, we compared the effects of ELF -EMF exposure on the absorbance of Sirius red between cells located at around the center and cells at the periphery of the dishes, and the spectral analysis on a single point in the image were repeated on two culture dishes to examine the localization effect. On ELF -EMF exposure the absorbance of Sirius red at the periphery was significantly larger than that at around the center in the cells cultured for 14 days (Fig. 5A) . The similar tendency was observed in cells exposed to ELF -EMF in the presence of IGF -I, although the difference was statistically not significant. No significant difference of the absorbance between the cells located at the two positions was observed in both control and IGF -I groups.
We further examined the difference of absorbance, using cells cultured for 21 days (Fig. 5B) . These cells contained larger amount of collagen than the cells cultured for 14 days, and marked increase in the absorbance was observed in the cells exposed to ELF -EMF, however, there was no significant difference with respect to the cell location. The enhancing effect of ELF -EMF exposure on cells seemed to be maximum even at around the center, making localization -dependent discrimination difficult. When cells were treated with IGF -I, the absorbance at the periphery was unexpectedly larger than that at around the center. Further study is necessary to elucidate the reason.
In the following studies we analyzed only the periphery cells in the culture dish, and the collagen content was quantified using the spectral image analysis method. The quantification was repeatedly on several places in the periphery of a culture dish to analyze the relative changes in the collagen contents.
Effect of treatment with PD98059, an inhibitor of the activation of extracellular -signal regulated kinase 1/2 (ERK1/2, also called p44/p42 MAPK), was studied on the absorbance of Sirius red in cells exposed to ELF -EMF. Figure 6A shows that PD 98059 significantly decreased the absorbance in all cells examined. However, the decreases caused by PD98059 in cells exposed to ELF -EMF (E) and in cells in the presence of IGF were both smaller than that in the control cells (C). We rearranged the same data and compared the effects of ELF -EMF exposure and IGF -I addition in the presence and absence of PD98059, separately, as shown in Fig.  6B . A slight but significant increase in the absorbance was observed in ELF -EMF exposure (E) without PD98059. In the presence of PD98059 the absorbance both on ELF -EMF exposure (E) and on IGF -I addition was significantly larger than that in control cells (C). The results indicated that treat- Fig. 6 The inhibitory effects of PD98059 on the absorbance of Sirius red-stained MC3T3 -E1 cells exposed to ELF-EMF. Gray columns, addition of 10 μM PD98059 for the last 3 days in a culture period of 14 days ; white columns, no addition. A : Effect of PD 98059 on cells exposed to ELF-EMF and on the cells in the presence of IGF-I. B : Effects of ELF-EMF exposure and addition of IGF-I on the PD98059 -untreated cells (left) and PD98059 -treated cells (right), plotted from the same data in A. In each culture dish 6 places at the periphery were selected at random for analysis. Symbols and the others as in Fig. 5 . Fig. 5 The effect of ELF-EMF exposure on the absorbance of MC3T3 -E1 cells stained with Sirius red, and the localization effect examined at around the center (white columns) and at the periphery (gray columns) in the culture dishes. Cells were exposed to ELF-EMF (60 Hz, 3 mT), in the presence or absence of IGF (200 ng/ml), for the last 3 days in the culture periods. A : Cells cultured for 14 days. B : Cells cultured for 21 days. C, control ; IGF, IGF-I addition ; E, ELF-EMF exposure ; and E+IGF, ELF-EMF exposure with IGF-I addition. Height and bar of each column represent mean and standard deviation of the absorbance. In each of two culture dishes every group 10 different points were sampled at random for analysis. The symbols * and ** represent significantly different at p!0.05 and p!0.01, respectively. ment with PD98059 did not inhibit the enhancing effect of ELF -EMF exposure on the absorbance.
Next, we examined the effect of an inhibitor of phosphatidylinositol 3 -kinase (PI3K), LY294002, on the absorbance of Sirius red -stained cells. Treatment with LY294002 did not significantly influence the absorbance in the control cells (C in Fig. 7A ), whereas LY294002 significantly decreased the absorbance in the presence of IGF -I. On the other hand, the absorbance was significantly increased by ELF -EMF exposure when the inhibitor was present (E). In the absence of LY294002 both ELF -EMF exposure and addition of IGF -I significantly increased the absorbance (Fig. 7B) . In contrast, addition of IGF -I in the presence of LY294002 did not change the absorbance, but ELF -EMF exposure significantly increased the absorbance. The results showed that suppression of the PI3K pathway by LY294002 counteracted the increase effect in the collagen content caused by addition of IGF -I, whereas the increase by ELF -EMF exposure was not inhibited but rather accelerated.
Finally, we examined the effect of an inhibitor of p38 mitogen -activated protein kinase (p38 MAPK), SB203580, on the absorbance of Sirius red -stained cells. On the cells unexposed to ELF -EMF, there were no significant effects of SB203580 on the absorbance with or without addition of IGF -I (Fig. 8  A) . ELF -EMF exposure increased the absorbance in the absence of SB203580 (Fig. 8B, left) , however, the inhibitor significantly decreased the absorbance in the exposed cells (Fig. 8A) . In contrast, addition Fig. 7 The effects of LY294002 on the absorbance of Sirius red-stained MC3T3 -E1 cells exposed to ELF-EMF. Gray columns, addition of 10 μM LY294002 for the last 3 days in a culture period of 11 days ; white columns, no addition. A : Effect of LY294002 on the cells exposed to ELF-EMF and on the cells in the presence of IGF-I. B : Effects of ELF-EMF exposure and addition of IGF on the LY294002 -untreated cells (left) and LY294002 -treated cells (right). In each culture dish 4 places at the periphery were selected at random for analysis. Symbols and the others as in Fig. 6 . In each culture dish 6 places at the periphery were selected at random for analysis. Symbols and the others as in Fig. 6 . of IGF -I only increased significantly the absorbance when treated with the inhibitor (Fig. 8B, right) . When SB203580 was present, the ELF -EMF exposure did not increase the absorbance. This implied that p38 MAPK pathway participated in the process to increase in the collagen content induced by ELF -EMF exposure.
Cells double -stained with Sirius red and Fast green were shown in Fig. 9 . Red color corresponding to collagen seemed to be a little more distinct in the cells exposed to ELF -EMF and/or treated with IGF -I than the control cells. However, no marked change in cell morphology and orientation was detected.
DISCUSSION
When we expose cells to ELF -EMF, there is a basic question to ask whether magnetic field or induced eddy current is effective to the cell function. In this study the magnetic flux density remained almost constant (3 mT) anywhere in the culture dish (Fig. 3) . In contrast, the current density was small at around the center of the dish and it increased as the position approached to the periphery (equation [1] ). The collagen content in cells, exposed to ELF-EMF, located at the periphery of the dish was significantly larger than that in cells located at around the center (Fig. 5A) . The same tendency was observed in cells exposed to the ELF -EMF in the presence of IGF -I. This implied that eddy current is effective on the increase of collagen content. When the collagen content was large in the cells cultured for longer period of 21 days, the ELF -EMF exposure caused marked increase in the collagen content, however, the localization effect could not be observed (Fig. 5B) , indicating that the small eddy current density at around the center would be large enough to stimulate the collagen production at the late stage of differentiation of the cells.
Is the eddy current induced inside the cells effective to stimulate the production of collagen in the cells? The density of eddy current calculated inside the cells would be at least three figures as small as it was in the medium at the periphery of the dish. Hence, the intracellular currents would be hard to influence cell functions. High impedance of cell membrane prevents penetration of the eddy current in the medium into cells across the membrane. Therefore, it is most reasonable to take that the current induced in the medium influence electric properties of certain structures on the cell surface (10), promoting the collagen synthesis.
Exposure to ELF -EMF (60 Hz, 0.7 mT) has been reported to elicit the differentiation of chromaffin cells into sympathetic neuron -like cells (23) . In human oral keratinocytes exposed to ELF -EMF (50 Hz, 2mT), expression of differentiation marker protein was reported to increase, whereas expression of the receptor of epidermal growth factor decreased, indicating changes in keratocytes to higher differentiation level (24) . On MC3T3 -E1 cells ELF -EMF exposure was reported to inhibit the gap junction communication, and the inhibition was not effective at the fully differentiated stage but effective at the early stage of differentiation (25) . Exposure to pulsed electromagnetic fields was also reported to enhance cellular differentiation and to increase bone tissue -like formation in MC3T3 -E1 cells (26) . These studies suggest a possibility of facilitating collagen synthesis in MC3T3 -E1 cells by exposure to EMF. Our results confirmed that exposure to an ELF -EMF (60 Hz, 3mT) enhanced collagen synthesis, and the effect was more evident in cells cultured long for 21 days than that in cells cultured for 14 days (Fig. 5) . Next, we tried to identify which members of the multiple signaling pathways were involved in the collagen synthesis induced by ELF -EMF exposure. Cells receive information from external environment by receptors on the surface membrane, and the message is transferred via the activation of various downstream signaling molecules. Among the most widely studied of these pathways are that involving the mitogen -activated protein kinase (MAPK) family, which regulates the proliferation and differentiation of osteoblasts.
In the MAPK family, ERK1/2 (also called p44/p 42 MAPK) plays a role in the signaling pathways in MC3T3 -E1 cells. ERK1/2 activation is inhibited by PD98059 (16) . Matrix mineralization by MC3T3 -E1 cells is enhanced by PD98059 treatment and is suppressed through ERK activation by plateletderived growth factor (27) , indicating that ERK pathway participates on the process to suppress differentiation.
On the expression of alkaline phosphatase (ALP) activity in MC3T3 -E1 cells the conflicting results were reported on the role of ERK1/2 pathway. Namely, PD98059 suppresses ALP activity induced by IGF -I in MC3T3 -E1 cells (16) , indicating that ERK1/2 pathway positively regulates the ALP activity. Conversely, PD98059 antagonizes the inhibitory action of transforming growth factor β (TGF -β) on the ALP activity in the cells (21) , indicating that ERK1/2 pathway negatively regulates ALP activity in the cells. No effect of PD98059 on ALP expression was also reported on primary culture of calvarial osteoblasts (28) , but others reported the low ALP activity caused by PD98059 in MC3T3 -E1 cells (29) . We could not conclude whether ERK1/ 2 pathway participates positively or negatively on the expression of ALP activity in MC3T3 -E1 cells.
Our results on collagen synthesis in MC3T3 -E1 cells showed that ELF -EMF exposure increased in collagen content in all experiments (Figs. 6B, 7B , and 8B), however, the significant increase was observed only in an experiment with IGF -I addition (Fig. 7B) . PD98059 decreased the collagen content in control and in the groups exposed to ELF -EMF and/or treated with IGF -I (Fig. 6A) , suggesting a contribution of the collagen synthesis through the activation of ERK1/2 pathway.
On the other hand, the significant increase in collagen content was observed on the IGF -I addition and ELF -EMF exposure in the presence of PD98059 (Fig.6B ). This implied that the stimulating effect of ELF-EMF exposure or addition of IGF -I was, in part, counteracting on the suppressive action of PD98059 on ERK 1/2 pathway in collagen synthesis. However, the action was not additive between the IGF -I addition and ELF -EMF exposure. Of course, another explanation is possible such as the involvement of other pathways to enhance collagen synthesis by ELF -EMF exposure without the contribution of ERK 1/2 pathway. We could not evaluate the exact role of the ERK 1/2 pathway in collagen synthesis in MC3T3 cells. In fact, there is a report that TGF -β induced production of type I collagen was not antagonized by PD 98059 (21) . Phosphatidylinositol 3 -kinase (PI3K) plays a role in signaling in cell survival. In human osteoblastic cells PI3K pathway mediates IGF -I signals leading to mitogenesis and survival (19) . The necessity of the pathway for suppression of apoptosis was pointed out in MC3T3 -E1 cells using the inhibitor LY294002 (30) . LY294002 was reported to inhibit ALP activity induced by IGF -I in the cells (31) . We examined the effect of the inhibitor LY294002 on the collagen content, and found that the action of IGF -I to increase collagen was significantly suppressed (Fig. 7A) . In contrast, the increase in collagen content induced by ELF -EMF exposure was not reduced but rather accelerated by the inhibition of PI3K pathway (Fig. 7B) . This implied that collagen synthesis stimulated by IGF -I was, in part, carried out by the participation of PI3K pathway, however, that PI3K pathway may negatively regulate the collagen synthesis induced by ELF -EMF exposure, and that the suppression of the pathway allows further collagen synthesis.
It has been reported that p38 MAPK is critical for the control of ALP expression in differentiating MC3T3 -E1 cells (32) . Inhibition of p38 MAPK significantly reduced the expression of differentiation markers such as ALP activity and mineral deposition (28) , which indicates that p38 MAPK is necessary for differentiation of the cells. Parathyroid hormone (PTH) activated p38 MAPK in early differentiation of MC3T3 -E1 cells, and the activation mediated PTH-induced stimulation of ALP activity (33) . In bone morphogenic protein -4 -stimulated osteocalcin synthesis, p38 MAPK has been pointed out to take part as a positive regulator, whereas ERK1/2 acts as a negative regulator in the synthe- sis in the cells (34) . The involvement of p38 MAPK in the collagen expression was reported (15) .
In the present study the increase in the collagen content in cells exposed to ELF -EMF was significantly counteracted by addition of the inhibitor of p38 MAPK, SB203580, whereas the increase caused by IGF -I addition was not affected by SB203580 (Fig. 8B) . Thus, ELF -EMF exposure significantly stimulated collagen synthesis in differentiating cells, and the stimulation took place by participation of p 38 MAPK pathway.
In conclusion, we could find that exposure to ELF -EMF increases significantly the collagen synthesis in osteoblast -like MC3T3 -E1 cells. The effect seems to be caused by the eddy current in the culture medium induced by the ELF -EMF exposure. The collagen synthesis stimulated by the eddy current is carried out by participation of p38 MAPK pathway, and PI3K pathway may participate to suppress the collagen synthesis. The suppression of the PI3K pathway may allow the acceleration of collagen synthesis in the cells induced by the ELF -EMF exposure. 
